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Annual Report

Tomosynthesis Breast Imaging: Early Detection and
Characterization of Breast Cancer

DAMD-97-1-7144
Introduction

Despite recent advances in mammography imaging, it has been shown that many
cancers are missed by mammography [1-4]. One of the main reasons cancers are
missed is that they are masked by radiographically dense fibroglandular breast
tissue which may be overlying or encompassing the cancer [5-11]. Standard
mammography techniques, either analog (film) or digital, suffer from the
limitation that despite breast compression, three-dimensional anatomical
information is projected onto a two-dimensional detector. Tomosynthesis is a
technique that allows the radiologist to view individual planes of the breast,
potentially reducing the problem of superimposed structures that may limit
conventional mammography techniques.

TOMOSYNTHESIS

Conventional tomography preceded computed tomography and was preformed by
moving the x-ray tube through a limited arc to blur structures above or below a
selected plane of interest. Conventional tomography provides an image of a single
tomographic plane for each movement of the x-ray source. Features in only one
plane of the image remain in sharp focus while projections of features from all
other planes are blurred. Multiple focal planes or slices require much higher
doses. Tomosynthesis, however, utilizes a digital detector and acquisition system
to provide images of multiple planes from a single movement of the x-ray source.
This is accomplished at a toral dose approximately equal to that of a single
mammographic view. Conventional film-screen tomography is usually
accomplished either in the Twinning method (Figure 1), in which the x-ray tube
and detector are moved in a linear path on opposite sides of the patient, or the
Grossman method, in which the motion occurs in an arc on opposite sides of the
patient. We have developed a method for digital tomosynthesis breast imaging
where the x-ray tube is moved in an arc above the stationary breast and digital
detector [12] as shown in Figure 2. By shifting and adding the digital images, it is
possible to reconstruct any plane in the breast that is parallel to the detector. This




technique can provide a series of images encompassing the entire breast, with .
each image displaying only one plane of the breast in sharp focus.
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Figure 1. Conventional linear tomography Figure 2. Proposed geometry for

using the Twinning Geometry.  breast tomosynthesis.

Several authors [13-15] have demonstrated the use of tomosynthesis with film as
a detector, based on the earlier work of Ziedes des Plantes [16]. Although these
studies demonstrated that it was possible to use film as a detector, the system was
much too complicated for routine clinical use. Miller et al. concluded that in
general, images must be obtained from at least eight angles to obtain a high-
quality tomosynthesis image [13]. Electronic image acquisition using an image
intensifier as a detector and an analog-to-digital converter to obtain digital images
from multiple angles has been used in numerous studies outside mammography
[17-25]. Unfortunately, the use of an image intensifier with a curved detector
surface has limited the success of all of these previous attempts at digital
tomosynthesis.

Clinical application of breast tomosynthesis has been delayed by the lack of a full
field flat digital detector with rapid readout time. The full field digital
mammography system installed at our institution is ideally suited for breast
tomosynthesis because of the following properties: 1) low noise, 2) high
resolution, 3) large flat detector area with minimal image distortion, and 4) rapid
image readout times.

The goals of the first year of this grant were to:
e Develop reconstruction algorithms
e Optimize the technical parameters

e Develop phantoms for image quality and detection tasks.
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Methods

Our current method for tomosynthesis imaging utilizes a flat-panel digital
mammography system that has low noise and a 300-millisecond image readout
time. Images are obtained as the x-ray tube moves in an arc above the breast. X-
ray tube motion is manual and a precision inclinometer and fiducial marks are
used for angle and x-ray tube position determination.

This system requires different image reconstruction algorithms than used in
previous systems, which were based on either the Twinning method or the
Grossman method. A complete derivation of the image reconstruction algorithms
for our geometry is contained in reference [12]. Algorithm development will be
discussed. Optimizing the techniques for digital breast tomosynthesis have
involved three primary technical variables. These variables are 1) radiation dose,
2) total tomographic angle and 3) the number of images. These variables will be
primary determinants of tomosynthesis image quality. Discussed below are the
results of parameter optimization and phantom development.

Algorithm Development

We have modified our early algorithms to increase the speed of image
reconstruction. Current algorithms are written in MATLAB software and will
reconstruct a tomosynthesis plane in approximately one minute. This compares to
approximately ten minutes per image for the early algorithms. We are also
investigating several methods of removing the contribution of out of plane
structures. In addition to using methods previously described in the literature, we
are collaborating with several researchers to remove the out of plane structures
from the reconstructed image.

The removal of linear streaking artifacts is shown in Figure 9C of the paper
“Digital Tomosynthesis in Breast Imaging” included in the appendix.

Optimization of Image Acquisition Parameters

RADIATION DOSE
The radiation dose needed for tomosynthesis depends upon a number of factors.
First, since tomosynthesis involves acquiring a number of low dose images,
system or electronic noise in the detector and read-out electronics is critical. For
example, if a tomosynthesis data set consists of eight images with the total dose
equal to a conventional single view mammogram, then each image would have to
be obtained at approximately one eighth the radiation dose of a conventional
mammogram. One advantage of tomosynthesis is that the x-ray or quantum noise




in the final reconstructed image is determined by summing all of the images and
thus by the total radiation dose. However, for low dose images it is possible that
electronic noise may be a substantial fraction of the total noise. Therefore, for
tomosynthesis a low noise detector is essential and the detector should be
quantum limited even at doses which may be 10 to 20% of the dose of a
conventional mammogram.

Another issue for radiation dose in tomosynthesis is the angle of the projections.
For example, at an angle of 20 degrees from the normal to the detector the
effective breast thickness is increased by about 5%. Thus, a slightly higher dose
may be needed for large angles to keep the noise of these images similar to those
obtained near at zero degrees.

Results indicate that a radiation dose of one to 1.5 times higher than conventional
mammography will provide high quality tomosynthesis images and distributing
the dose with slightly higher exposures at the start and finish of the tube arc will
result in improved tomographic images.

TOMOGRAPHIC ANGLE

The total tomographic angle or the total arc used for the x-ray tube motion will
effect image quality. The thickness of the in-focus plane in the direction
perpendicular to the detector is inversely related to the total angle used. From an
image quality standpoint, a larger angle creates more misregistration of objects
above and below the plane of interest that is beneficial. This will result in more
spread of the out-of plane structures and improve the overall image. The trade-off
is in the total number of images that may need to be viewed. For example, if the
total tomographic arc is 40 degrees the in-focus plane thickness is approximately
2 mm. For a tomographic angle of 20 degrees the in-focus plane would be about 4
mm. Thus for a larger angle, image quality may be improved but at the cost of
having to reconstruct and view twice as many images.

For large angles beyond +20 degrees several other issues arise, including the
increased breast thickness which must be transversed at steep angles, and the
possibility that some of the breast tissue will not appear on the detector. Our
results indicate a tomographic angle of 30 to 40 degrees is appropriate.

NUMBER OF IMAGES

The next technical parameter that must be considered is the total number of
images that will be acquired. As mentioned earlier if a very large number of
images are acquired the possibility of electronic noise becoming a major noise
source in the image is increased. There are also image quality issues. First more
images provides more complete blurring of out-of-plane structures and a
reduction in the amount of high frequency information form out-of-plane
structures.




The other major consideration is the total imaging time and how patient motion is
affected. Our initial experience indicates that seven to ten images will be required
at a total dose approximately equal to a conventional mammogram. For seven to
ten images, each exposure would be approximately 100 to 200 milliseconds plus a
300-millisecond readout time. If the x-ray source motion takes place during the
300-millisecond image readout time, total image acquisition time would be three
to five seconds. This length of time is common for magnification views, and
patient motion is not expected to be a major problem.

Phantom Development

We have developed a new image quality phantom specifically for the purpose of
evaluating tomosynthesis images. This phantom contains two fine wires (20
micron thick) at 7 degrees and 20 degrees to evaluate the modulation transfer
function of tomosynthesis. In addition, the phantom contains structures at
different levels to evaluate the ability of tomosynthesis to blur out of plane
structures. This phantom was constructed by CIRS (Computerized Image
Reference Systems, Norfolk, VA) using a 5-cm thick phantom of BR12 breast
equivalent material.

The results with this phantom indicate the blurring increases with increasing
tomographic angle as predicted. The amount of blur is also similar to
conventional tomography for comparable tomographic arc. The blur is not as
uniform as conventional tomography because the tube motion is a step and expose
rather than the continuous tube motion used in conventional tomography.

Images of an ACR phantom indicate that small objects are still detectable with
tomosynthesis including the third spec group in the ACR phantom at doses
comparable to conventional mammography. The MTF is slightly degraded in the
in-focus plane compared to a conventional digital image using the same detector,
however, because the tube is not moving during exposures the MTF is higher than
that for conventional tomography.

Complex phantom development is underway. These phantoms will be used in the
second year of the study for an observer study. We are investigating two types of
phantoms and have had several prototypes constructed by CIRS. These phantoms
will contain simulated fat, glandular and disease (masses and microcalcification
clusters).




Conclusions

The potential advantages of tomosynthesis compared to conventional
mammography are outlined below.

INCREASED SENSITIVITY, AND IMPROVED ABILITY TO DETECT
CANCERS IN DENSE BREAST TISSUE

Tomosynthesis may prove to be a valuable screening tool for women with dense
breasts. The ability to “see into the middle” of the breast by blurring the
superimposed structures will potentially allow significant improvements in the
sensitivity of mammography screening.

INCREASED SPECIFICITY AND ABILITY TO CHARACTERIZE A LESION
Current mammographic techniques have poor specificity; in the United States 70-
90% of all breast biopsies are negatives [26-28]. Tomosynthesis will provide the
radiologist with an improved image of a potential lesion by blurring the structures
above and below the lesion. This may allow the radiologist to have improved
confidence in lesion classification and decrease the fraction of negative biopsies.
The improved visualization of lesion borders may also display spiculations that
are characteristic of malignant lesions. It may be possible to perform the
diagnostic evaluation of a lesion with tomosynthesis, thus reducing the radiation
total radiation exposure compared to a standard diagnostic examination, which
may involve up to ten mammograms. This would save time and reduce patient
radiation exposure.

IMPROVED DISCRIMINATION OF SUPERIMPOSED STRUCTURES FROM
BREAST CANCER

Many women who are called back for additional evaluations after mammography
screening are recalled because normal breast structures may superimpose and
mimic a breast cancer [26]. A set of tomosynthesis images may be used to
discriminate between superimposed tissues and real masses, thus eliminating
these unnecessary callbacks. These unnecessary callbacks lead to higher health
care costs and also to significant anxiety for women and their families.
Tomosynthesis will also provide three-dimensional information concerning the
dimensions of a lesion, whether microcalcifications are associated with a mass,
and how they are distributed. The three dimensional distribution of calcifications
is thought to be a useful indicator in discriminating benign versus malignant
lesions [29].

DECREASED BREAST COMPRESSION

In conventional mammography firm breast compression is important to spread
normal breast anatomy to improve the detection of lesions. In tomosynthesis, it
may be possible to use less compression, since blurring of out-of-plane structures
(breast structures that are above or below the plane of interest) actually increases
with less compression. Limited compression will still be required to minimize
patient motion.

In summary, the proposed tomosynthesis method has several unique features that
include a stationary detector and a x-ray tube that moves in an arc above the
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breast. This geometry has several advantages: 1) there are no moving parts near
the breast or abdomen, 2) existing mammography machines may be easily altered
to allow this type of motion since many already provide the ability for the x-ray
tube to move in an arc above the breast and 3) a unit modified to do
tomosynthesis imaging using this design will still be completely usable for routine
breast imaging. A dedicated tomosynthesis system is not required.

The work done in the first year of this grant has laid the groundwork for the
continued development and testing of Breast tomosynthesis. This project will
perform observer studies in the next year to verify the clinical benefits of breast
tomosynthesis. Algorithm, parameter optimization and phantom development
have been completed or near completion. The investigators have published three
papers on breast tomosynthesis in the first year of the grant. The proceeding
article from the Nijmegen, Netherlands conference — The International Digital
Mammography Workshop was used as the basis of this report since it was
reporting on the technical progress. The other two articles are attached.
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Digital Tomosynthesis in Breast Imaging’

PURPOSE: To describe and evaluate
a method of tomosynthesis breast
imaging with a full-field digital
mammographic system.
MATERJALS AND METHODS: In
this tomosynthesis method, low-
radiation-dose images were acquired
as the x-ray source was moved in an
arc above the stationary breast and
digital detector. A step-and-expose
method of imaging was used. Breast
tomosynthesis and conventional im-
ages of two imaging phantoms and
four mastectomy specimens were
obtained. Three experienced readers
scored the relative lesion visibility,
lesion margin visibility, and confi-
dence in the classification of six
lesions.

RESULTS: Tomosynthesis image-
reconstruction algorithms allow to-
mographic imaging of the entire
breast from a single arc of the x-ray
source and at a radiation dose com-
parable with that in single-view
mammography. Except for images of
a large mass in a fatty breast, the to-
mosynthesis images were superior to
the conventional images.

CONCLUSION: Digital mammo-
graphic systems make breast tomo-
synthesis possible. Tomosynthesis
may improve the specificity of mam-
mography with improved lesion
margin visibility and may improve
early breast cancer detection, espe-
cially in women with radiographi-
cally dense breasts.

HE best method of detecting early
stage breast cancer is mammog-

raphy (1). It has been shown that find-
ing breast cancer in its early stages
saves lives (2). Even with the recent
advances in mammographic imaging,
10%~-30% of breast cancers may be
missed, and other cancers are not de-
tected early enough to make a cure
possible (3-7). The main reason that
breast cancers are missed is that the
cancer is often obscured by radio-
graphically dense, fibroglandular
breast tissue (8-14). Holland and col-
leagues (8) found that 76% of missed
cancers were in dense breasts.

This article describes a tomosynthe-
sis method that allows the radiologist
to see through the “structured noise”
of normal breast tissue to improve the
detection and characterization of early
breast cancer. In conventional screen-
film tomography, the x-ray source and
the screen-film detector move in op-
posite directions, so that only features
in one plane of the image remain in
sharp focus. In tomography, one expo-
sure is necessary for each imaged
plane. One of two tomographic meth-
ods is typically used: the Twinning
method (Fig 1) or the Grossman
method (Fig 2). In the tomosynthesis
method proposed here (Fig 3), mul-
tiple images are acquired as the x-ray

tube is moved in an arc above the sta-
tionary breast and detector. The radia-
tion dose is low for the acquisition of
images at each angle, and the total
radiation dose for the acquisition of
all of the images is equivalent to or
slightly higher than the dose in stan-
dard single-view mammography. By
shifting and adding the digital im-
ages, it is possible to reconstruct any
plane in the breast that is parallel to
the detector. This technique can pro-
vide a series of images of the entire
breast, with each image displaying
only one plane of the breast in sharp
focus.

Several authors (15-17) have dem-
onstrated tomosynthesis with film as
a detector by using the methods de-
rived by Ziedses des Plantes (18).
Miller and colleagues (15) concluded
that, in general, images must be ob-
tained from at least eight angles to
produce a high-quality tomosynthesis
image. Although these authors dem-
onstrated that it was possible to use
film as a detector, the system was too
complicated for routine clinical use.

Electronic image acquisition has
been performed by using an image
intensifier as a detector and an ana-
log-to-digital converter to obtain digi-
tal images from multiple angles in
numerous applications of tomosyn-

Index terms: Breast neoplasms, radiography, 00.30, 00.121 « Breast radiography, radiation dose,
00.121 « Breast radiography, technology, 00.121 * Radiography, digital, 00.121 « Radiography, tech-

nology, 00.121

Abbreviation: ACR = American College of Radiology.

Radiology 1997; 205:399-406
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a = tomographic angle. (2) Grossman geometry for tomographic imaging. The x-ray source and detector move in an arc. (3) Proposed geometry
for breast tomosynthesis. The x-ray source is stationary during each x-ray exposure and is then moved along an arc above the breast to the next

position. The number of positions is variable. The breast and digital detector remain stationary. Z = distance above the digital detector, ¢ = x-

ray-source angle.

thesis outside of mammography (19—
27). Both linear and circular x-ray—
tube motions have been investigated.
The feasibility of tomosynthesis has
been demonstrated in angiography
(20-22,24,26). Tomosynthesis has also
been investigated in tomography of
the lung (20) and the ear (27) and in
knee arthrography (20). Images supe-
rior to conventional tomograms have
been obtained by reducing the streak
artifacts by means of one-dimensional
filtering of the linear tomosynthesis
images (19,27-29). Chakraborty and
colleagues (27) have suggested a one-
dimensional, unsharp masking tech-
nique called self-masking tomosyn-
thesis. Additional methods to reduce
the contribution of out-of-focus struc-
tures to the in-focus plane have been
explored (30-32). Unfortunately, the
use of an image intensifier with a
curved detector surface has limited
the success of these previous attempts
at digital tomosynthesis.

Despite numerous studies that have
explored the use of tomosynthesis,
successful clinical application has
been delayed by the lack of a full-
field, flat, digital detector with rapid
readout. Digital imaging technology
has now been introduced that makes
tomosynthesis imaging of the breast
practical in a clinical setting. The full-
field, digital mammographic system
undergoing clinical evaluation at our
institution is ideally suited for the
clinical application of tomosynthesis
because of the following properties:
low noise; large, flat surface area with
minimal image distortion; and rapid
image readout.

The proposed method of tomosyn-
thesis was developed at our institu-
tion and represents an extension of the
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technology described in earlier re-
ports. The main differences between
this and previous studies are primar-
ily the use of a stationary detector and
of existing mechanical arm systems
that translate the x-ray tube in an arc
above the detector. We have derived
reconstruction methods to allow to-
mosynthesis image reconstruction for
this geometry. We believe that tomo-
synthesis has the potential to improve
current mammographic imaging by
increasing the sensitivity and specific-
ity in the detection of breast carci-
noma. Thus, we performed this study
to describe and evaluate a method of
tomosynthesis breast imaging with a
full-field digital mammographic sys-
tem.

MATERIALS AND METHODS

A schematic of the mammographic sys-
tem used for digital breast tomosynthesis
is shown in Figure 4. The basic system is a
mammographic system (model DMR; GE
Medical Systems, Milwaukee, Wis) with a
full-field digital image receptor. The sys-
tem has been modified to allow imaging at
any angle up to =27° from the perpendicu-
lar to the detector. As shown in Figure 4,
the x-ray source pivots about a point
above the detector. The x-ray source is sta-
tionary during the exposure and then is
manually moved to the next position be-
fore the next image is obtained.

The digital detector is composed of ce-
sium jodide phosphor on an amorphous
silicon transistor-photodiode array. This
detector was developed by General Elec-
tric Corporate Research and Development
(Schenectady, NY). The pixel pitch is 100
pm and the image readout time is 300
msec. The tomosynthesis images were ob-
tained without an antiscatter grid to avoid
grid cutoff for the angled projections. The
x-ray-source angle (¢ in Fig 3) was deter-

X-ray Tﬁ

Axis of Rotation
A/ [
}

Compression Paddle

Digital Detector

Figure 4. Mammographic system used for
tomosynthesis. The x-ray tube is on a rigid
mechanical arm that pivots about a point
above the breast.

mined with a precision inclinometer
(model 02538-01; Lucas Control System
Products, Hampton, Va) with a range of
+20° and an accuracy of *0.1° for 0°~10°
and of £1% for 10°-20°.

The tomosynthesis projection images
were obtained at discrete x-ray-source po-
sitions as the tube was moved above the
breast, as shown in Figure 5. For simplic-
ity, only four x-ray—source positions are
shown in Figure 5; however, the number of
X-ray-source positions is variable. The to-
mosynthesis images in any plane in the
breast may be reconstructed by using the
method shown. The projection images
from x-ray-source positions 1-4 were
transformed, as described in the Appen-
dix, to simulate images obtained from
x-ray-source positions 1a—4a (Fig 5). After
transformation of the images, the geom-
etry is similar to Twinning geometry, ex-
cept that the detector does not move. De-
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Figure 5. Tomosynthesis reconstruction method with four x-ray-tube positions shown. Im-
ages are obtained from positions 14 and are transformed, by using the algorithms described
in the Appendix, to construct images that would be obtained from source positions la—4a.
These images simulate tomographic images obtained by using Twinning geometry and may be
shifted and combined to create a tomosynthesis image at any level in the breast. Z = distance
above the digital detector, ¢ = x-ray-source angle.

tector motion is simulated by shifting the
images in the computer. The transforma-
tion and shifting algorithms may be re-
peated to reconstruct the tomographic
planes at any height above the detector.
The mathematic reconstruction algorithms
are derived in the Appendix.

Images were obtained in one of two to-
mographic phantoms (one made by Picker
International, Cleveland, Ohio, and the
other the accreditation phantom of the
American College of Radiology [ACR],
Reston, Va). The tomosynthesis images of
both phantoms were obtained with the
following parameters: 26 kVp, molybde-
num filter, molybdenum target, 20 mAs
per view, and nine views at —20°, —15°,
—10°, —5°,0°,5°,10°, 15°, and 20° from the
detector perpendicular. A conventional
screen-film image of the ACR phantom
was obtained at 26 kVp and 126 mAs with
a molybdenum target and a molybdenum
filter. The total mean glandular radiation
dose for the tomosynthesis images was 1.4
times that for the conventional screen-film
images. A conventional digital image of
the ACR phantom also was obtained by
using the same technique as in screen-film
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imaging, except that 120 mAs was used.
Radiation dose estimates for the tomosyn-
thesis projection images, compared to
those for the conventional images, take
into account differences in the source-to-
object distance and in the x-ray—path
length through the object.

Images of four unfixed mastectomy
specimens were obtained. The specimens
were placed in a polymerized methyl
methacrylate box and compressed by us-
ing a movable top plate. Tomosynthesis
specimen images were obtained at seven
to nine projections and with a total tomo-
graphic angle of 30°~40°. The total radia-
tion dose was varied 0.89-1.74 times that
in conventional mammography in the
same specimen. Tomosynthesis images of
the specimens were reconstructed on a
‘workstation (Sparc 20; Sun Microsystems,
Mountain View, Calif). After the initial im-
ages were acquired for each angle, we re-
constructed tomographic images at 1.5-
3.0-mm spacing to display in-focus
tomosynthesis images of the entire breast.

Conventional screen-film mammograms
were obtained with film (MRS5IL; Agfa,
Ridgefield Park, NJ) and screens (MR de-

Figure 6. Tomosynthesis image of a Picker
tomographic phantom reconstructed at 3 cm
above the detector platform demonstrates the
thickness of the in-focus plane for the tube
motion.

tail; Agfa) by using extended processing.
These images were obtained with auto-
matic exposure control by using a conven-
tional screen-film system. The kilovolt
peak, focal spot sizes, radiation output,
and half-value layers of this unit were all
closely matched to those of the digital unit.

The two units were installed in the same
room, and adjustments were made to
match the above parameters during instal-
lation. A molybdenum target and a molyb-
denum filter were used to obtain all of the
specimen images, which included the digi-
tal, tomosynthesis, and screen-film images.

A preliminary reader study was per-
formed to compare tomosynthesis images
with screen-film images of all lesions in
the specimens. The conventional screen-
film image was shown next to the tomo-
graphic image that best demonstrated the
mass or calcification in each specimen on a
standard, high-intensity, mammographic
view box. The digital tomosynthesis im-
ages were printed by using a laser imager
(40 pum pixel size; Agfa).

Three board-certified radiologists
(D.BK, PJS., A.A.G.) with special exper-
tise in mammography were asked to com-
pare the visibility of a mass or a cluster of
calcifications in each specimen. Before
reading, the location of the lesion was
identified by an expert reader (D.B.K.) and
marked with an arrow. The readers scored
the lesion visibility, lesion margin visibil-
ity, and confidence in the classification of
benign versus malignant lesions. Scoring
was based on a five-point scale: (z) conven-
tional images were diagnostically superior,
(b) conventional images were superior,

(c) conventional and tomosynthesis images
were equal, (d) tomosynthesis images were
superior, and (e) tomosynthesis images
were diagnostically superior.

RESULTS

Figure 6 is a tomosynthesis image
obtained in a tomography phantom
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a.

Figure 7. Images of the ACR phantom. (a) Digital tomosynthesis image.
(b) Conventional digital image. (c) Screen-film image.

reconstructed to have an in-focus
plane at 3 cm above the detector plat-
form. This figure demonstrates the
thickness of the in-focus plane. This
image was obtained at a total tomo-
synthesis angle (2 X ¢ in Fig 3) of
40°. This 40° tomosynthesis angle is
equivalent to a tomographic angle of
29.4° (« in Fig 1) in conventional lin-
ear tomography for an in-focus plane
at 3 cm above the detector platform.
The in-focus plane thickness would be
expected to be 2.5 mm for this tomo-
graphic angle according to conventional
geometry (33). This calculated in-focus
plane thickness agrees well with that in
the tomosynthesis image (Fig 6).
Images of an ACR phantom ob-
tained by using tomosynthesis, con-
ventional screen-film imaging, and
conventional digital imaging are
shown in Figure 7. The tomosynthesis
image of the ACR phantom was re-
constructed at the level of the targets.
The masses and fibers are seen as well
with tomosynthesis as with conven-
tional digital imaging. The fourth cal-
cification group is seen with tomo-
synthesis, but not as clearly as with
conventional imaging. The borders of
the calcifications are not as sharp on
the tomosynthesis image as they are
on the conventional images, because
the tomosynthesis image is the summa-
tion of nine different projections. None-
theless, the image quality of the tomo-
synthesis image is sufficient to pass the
ACR criteria for phantom images (34).
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b.

The preliminary reader scores are
shown in the Table. Except for the to-
mosynthesis images of a 3-cm mass in
a fatty breast, the tomosynthesis im-
ages were judged to be superior in
lesion visibility, margin visibility, and
confidence in classification. In the
three subtle lesions, which were in
regions of radiographically dense tis-
sue, tomosynthesis images were
judged to be diagnostically superior
by at least two of the three radiolo-
gists for the three parameters. Images
of two of the specimens are shown in
Figures 8 and 9.

Figure 8 shows tomosynthesis and

standard screen-film images of mas-
tectomy specimen 1 (Table), which
contained a mass with associated cal-
cifications distributed over a 3-cm?
area. The tomosynthesis images were
reconstructed from seven projections
obtained from —15° to +15° in incre-
ments of 5°. The total mean glandular
radiation dose for acquisition of all of
the tomosynthesis images was 1.06
times the radiation dose for acquisi-
tion of a single-view, screen-film
mammogram. As indicated in the
Table, the mass is difficult to detect on
the conventional image (Fig 8a). How-
ever, the mass is clearly demonstrated
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Preliminary Reader Study: Tomosynthesis versus Conventional Imaging of Mastectomy Specimens

Conventional
Tomographic Conventional and Tomo-  Tomo- Tomosynthesis
X-ray~  Dose/ Imaging  Conventional synthesis synthesis  Imaging
Specimen Lesion Source Conventional Diagnostically ~ Imaging Imaging Imaging Diagnostically
Number Description Arc Dose* Parameter Superior Superior Equal Superior  Superior
1 Subtle irregular mass  30° 1.06 Lesion visibility - - - + 4+
Lesion margin - - - — 44
visibility
Confidence in lesion - - - + ++
classification
2 Subtle calcification 40° 1.05 Lesion visibility - - - + +4
cluster Lesion margin - - - + +
visibility
Confidence in lesion - - - + ++
classification
3 Subtle rounded mass ~ 40° 0.89 Lesion visibility - - - + +4
Lesion margin - - - - ++4+
visibility
Confidence in lesion - - - + +4
classification
Rounded mass 40° 0.89 Lesion visibility - - + ++ -
Lesion margin - - - + 44
visibility
Confidence in lesion - - - + ++
classification
Architectural 40° 0.89 Lesion visibility - - - — 4+
distortion Lesion margin - - - - T+
visibility
Confidence in lesion - - - - 4t
classification
4 3-cm mass with 30° 1.74 Lesion visibility - - + - -
irregular margins Lesion margin - + + + -
visibility
Confidence in lesion - - +++ - -
classification

Note.—Scores are for three readers; each individual score is marked by a “+.”

ibility of the calcification cluster.

#—* indicates that there is no score. One reader did not score the margin vis-

* The ratio of the mean glandular radiation dose for tomosynthesis (sum of the doses from all projections) to that for conventional imaging.

a.

b.

C.

Figure 8. Images of a mastectomy specimen that contains a subtle mass and associated calcifications. (a) Screen-film image obtained at 26 kVp
and 197 mAs faintly shows the mass (arrow). (b) Tomosynthesis image reconstructed at 7.1 cm above the detector demonstrates the mass (ar-
row), which was difficult to detect on a. Tomosynthesis images were obtained at 5° intervals over a 30° arc. Each jmage was obtained at 26 kVp
and 30 mAs. The total mean glandular radiation dose for acquisition of the tomosynthesis images was approximately equal to the radiation dose
for acquisition of one screen-film image in the same specimen. (¢) Tomosynthesis image reconstructed with the in-focus plane at 6.4 cm above -
the detector shows a group of microcalcifications (arrow) at this level.

on the tomosynthesis image recon-
structed at 7.1 cm above the detector
(Fig 8b). The tomosynthesis image
reconstructed at 6.4 cm above the de-
tector demonstrates several calcifica-
tions at this level (Fig 8c). Figure 8c
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demonstrates the ability to maintain
the contrast and sharpness of small
objects in the reconstructed plane
wth the algorithms. Figure 8 also
demonstrates the ability to determine
whether calcifications are associated

with a mass and the three-dimen-
sional relationships between masses
and calcifications.

Figure 9 shows tomosynthesis im-
ages and standard projection digital
images of mastectomy specimen 3
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a.

b.

Figure 9. Images of a mastectomy specimen that contains two masses in the upper central regions of the images and an area of architectural
distortion in the lower right. (a} Conventional digital image obtained at 25 kVp and 100 mAs. (b) Tomosynthesis image with the in-focus plane
at 4.45 cm above the detector demonstrates two masses and an area of architectural distortion. One of the masses and the area of architectural
distortion are better depicted on b than on a. The tomosynthesis images were obtained at nine positions at —20° to +20° from the detector per-
pendicular at 5° intervals. Each image was obtained at 25 kVp and 10 mAs. The total mean glandular radiation dose for acquisition of the tomo-

synthesis images was 0.89 times that for acquisition of the conventional ima

with self-masking with a kernel that corresponds to 200 pixels (2 cm).

(Table), which contained two masses
and an area of architectural distortion.
The digital image (Fig 9a) was ob-
tained with conventional imaging ge-
ometry by using the same technical
parameters as in screen-film imaging.
One mass is clearly visible on the con-
ventional digital image; however, the
margins are better depicted on the
tomosynthesis image (Fig 9b) recon-
structed at 4.45 cm above the detector.
Another mass slightly above and to
the left of the first mass is seen on the
tomosynthesis image but not on the
conventional image. In addition, a
lower-right area of architectural dis-
tortion is displayed well on tomosyn-
thesis images but poorly on the con-
ventional image (Fig 9). The total
mean glandular dose for tomosynthe-
sis imaging was 0.89 times the dose
for conventional imaging. Thus, even
at a radiation dose less than the dose
for acquisition of a single mammo-
gram, the tomosynthesis images pro-
vide improved lesion visibility com-
pared with the lesion visibility on
conventional images.

Figure 9c is a self-masking tomo-
synthesis image obtained at the same
level as Figure 9b, at 4.45 cm above
the detector, by using a method simi-
lar to that of Chakraborty and col-
leagues (27). In the self-masking tomo-
synthesis method, a one-dimensional,
unsharp mask is used to reduce streak-
ing artifacts. This image demonstrates a
reduction in low-frequency noise.

DISCUSSION

For the last 2 decades, efforts to
bring tomosynthesis into the clinical
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environment have been unsuccessful
(19-27). These efforts have been ham-
pered by the lack of a digital, flat-
panel detector with rapid image read-
out. Recent advances in detector
development have now made clinical
application of tomosynthesis possible.
Our results indicate that breast tomo-
synthesis is capable of producing
high-quality breast images that may
contain information that is currently
not visible with conventional imaging.

Phantom studies demonstrate the
ability to attain in-focus planes and
the ability to depict small microcalcifi-
cations. Tomosynthesis images of the
ACR phantom, which has no struc-
tured noise, demonstrate an image
quality comparable with that of con-
ventional images at 1.4 times the ra-
diation dose.

The value of tomosynthesis imaging
is evident in images with substantial
structured noise from radiographi-
cally dense tissue, as demonstrated in
the reader study. Although the num-
ber of specimens is small, tomosyn-
thesis images of mastectomy speci-
mens demonstrate an improvement in
the depiction of lesions. In three of the
four specimens, lesions were seen
with tomosynthesis that were either
not seen or poorly seen with conven-
tional imaging.

The method proposed for tomosyn-
thesis in this study is different from
most previous implementations be-
cause the images are obtained at dis-
crete tube positions rather than continu-
ously as the tube moves. Consequently,
the blurring of structures is not the
smooth blurring typical of continuous
image acquisition. For example, if

ges in the same specimen. () Same tomosynthesis image as b but

nine images are used in the tomosyn-
thesis data set, objects above or below
the in-focus plane will be displayed as
nine separate objects on the recon-
structed image. Each object will have
approximately one-ninth the contrast
of the original object. For high-con-
trast objects such as a large calcifica-
tion, nine images of the calcification
may be visible. Although we use the
term “blurring,” the images of struc-
tures outside the in-focus plane are
essentially repeated in the direction of
x-ray-source motion. High-frequency
information is retained, although the
contrast of out-of-plane structures is
greatly reduced.

Self-masking tomosynthesis (Fig 9¢)
reduces low-frequency information in
the direction of the x-ray—source mo-
tion (27). Because of discrete sampling
for the proposed method, other im-
age-processing methods may be better
suited to reducing the contribution of
out-of-focus structures from planes
above or below the in-focus plane. A
method similar to that of Kolitsi and
colleagues (30) will be tested in the
future. This method identifies the
plane of an out-of-focus structure such
as a dense calcification and computes
its contribution to all other planes.
The image of the structure may then
be removed from all planes except for
the plane that contains the structure in
focus.

There are several potential uses of to-
mosynthesis for breast imaging. Tomo-
synthesis may prove to be a valuable
screening tool in women with radio-
graphically dense breasts. The ability to
see into the middle of the breast by blur-
ring the superimposed structures may
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allow important improvements in the
sensitivity of mammographic screening
in the early detection of breast cancer.
Tomosynthesis may depict cancers in
dense breasts or multifocal cancers at a
small fraction of the cost of magnetic
resonance imaging, which has recently
been proposed as another method for
detecting these cancers (35).

Tomosynthesis may also be used for
problem solving or diagnostic breast
imaging. Current mammographic
techniques have poor specificity, as
70%-90% of all breast biopsy results
are negative (36-38). Tomosynthesis
may provide the radiologist with an
improved image of a potential lesion.
The results shown in the Table indi-
cate that improved depiction of lesion
margins may allow the radiologist to
have greater confidence in lesion clas-
sification and decrease the number of
biopsies with benign results. It may
also be possible to perform the entire
diagnostic evaluation of a lesion with
tomosynthesis. Compared with cur-
rent diagnostic examinations, in
which it is necessary to obtain a large
number of mammograms, tomosyn-
thesis may save time and reduce pa-
tient radiation exposure.

Tomosynthesis will provide three-
dimensional information on the di-
mensions of a lesion, on whether mi-
crocalcifications are associated with
a mass, and on how they are distrib-
uted. The three-dimensional distribu-
tion of calcifications is thought to be a
useful indicator in discriminating be-
tween benign and malignant lesions
and thus may also have a positive ef-
fect on clinical management (39).

The tomosynthesis method is
readily adaptable to current mammo-
graphic systems with minor modifica-
tions. This geometry has several ad-
vantages: (a) there are no moving
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parts near the breast or abdomen;

(b) existing mammographic machines
may be easily altered to allow this
type of motion, because many already
provide the ability for the tube to
move in an arc above the breast; and
(c) a unit modified for tomosynthesis
imaging will still be completely usable
for routine breast imaging, which
eliminates the need for a dedicated
tomosynthesis system. The develop-
ment of motorized motion of the x-ray
tube should allow the acquisition of
all of the tomosynthesis images in ap-
proximately 3-5 seconds. This is suffi-
ciently rapid to make the system clini-
cally applicable, because these exposure
times are similar to exposure times in
the acquisition of magnification views
with current systems.

In summary, these early results
demonstrate that tomosynthesis imag-
ing may be a valuable clinical tool for
the early detection of breast cancer
and the characterization of benign and
malignant lesions.

APPENDIX

The proposed system for breast to-
mosynthesis imaging is shown in Fig-
ure 10. This system requires a differ-
ent image reconstruction algorithm.
As shown in Figure Al, the tomo-
graphic angle ¢ is given by the angle
of the x rays intersecting the perpen-
dicular to the image plane at the axis
of rotation of the x-ray tube. For any
given point in the object (x,z), we may
define an angle 6 as the angle of the x
rays intersecting that point relative to
the perpendicular to the image plane.
The angle 6 is a function of ¢, x, and z,
and is given by 6(¢,x,z) = arctan
(Lsind + x)/(Lcosd + D — z ), where
L is the distance between the axis of
rotation and the x-ray—tube position

and D is the distance between the axis
of rotation and the image plane (as
defined in Fig A1). From this angle,
we may derive point x;, which is the
projection of the object point (x,z) onto
the image plane:

x(d, x,z) = z(L sin b + x)

/(Lcosd + D —z). (A1)
xi(d,x,z) is the image point formed by
X rays emitted from an x-ray tube that
is rotated about the axis. The magnifi-
cation (M) of points in the object is a
function not only of the position z, but
also of the angle ¢: M(¢,z) = (Lcosd +
D)/(Lcosd + D — z).

Because magnification varies with ¢
and z, it is not possible to reconstruct
a tomographic plane by simply shift-
ing and adding the digital images. To
facilitate the reconstruction, it is help-
ful to construct the images that would
be produced if the x-ray tube were
moved according to the Twinning
principle (Fig 1). Thus, if the x-ray
tube were rotated by a tomographic
angle ¢, but was constrained to re-
main in the horizontal plane at a dis-
tance of L + D from the image, then
the angle of the x rays intersecting an
object point would be given as fol-
lows:

0'(, x, z) = arctan (Ltan ¢ + x)
/(L+ D - 2z). (A2)

From Equation (A2), it follows that
the image point x;’, which is the pro-
jection of the object point (x,z) onto
the new image plane, is given as fol-
lows:

(P, x,z)=x+z(Ltan  + x)
/(L + D - z). (A3)

The proposed x-ray gantry for digi-
tal tomosynthesis produces images
with image points as defined by Equa-
tion (A1). For every x; in the image,
we may use the known value of ¢ and
a selected z to determine an object
point x with Equation (A1). The val-
ues of ¢, x, and z may then be applied
to Equation (A3) to determine a value
for x;" in the new image. The set of
new images thus produced may then
be used to reconstruct a tomographic
plane at z by means of a simple linear
shifting process that is analogous to
the Twinning method. An example of
the method is shown schematically in
Figure 5 with projections from tube
positions 1-4.

The technique for construction of a
new set of images for each desired
tomographic plane results in a small
distortion of image information for

Radiology *_ .




structures outside the plane. This is
because the x-ray paths through the
object that occur with rotation of the
focal spot about an axis are slightly
different from those that occur with
movement of the focal spot within a
horizontal plane. The magnitude of
the distortion increases with the dis-
tance from the reconstructed plane
and also increases with the distance
from the central axis of the image (ie,
x = 0). The distortion for all points
that lie exactly on the reconstructed
plane is zero. This off-plane distortion
is small compared with the blurring
caused by tomography. Because it is
our intention to blur the structures
above or below the in-focus plane, we
do not expect that distortion produced
by this technique will have any im-
portant effects on the tomographic
image quality. The method will allow
exact reconstruction of all of the ob-
jects in the in-focus plane. =
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which emits light. The light from the phos-
phor exposes the film, which is developed to
obtain a mammogram. Screen-film systemns
have evolved over many years to current sys-
tems that have high resolution and high im-
age contrast. Although the 1ma,ge quality ob-
tained with these analog systems is very good,
these systems have certain limitations. Cur-
rent screen-film systems have very high con-
trast, thus improving the visibility of lesions.
However, this high contrast comes at the ex-
pense of the dynamic range. As a result,
some areas of the image may be presented in
the range of film density with high contrast,
whereas other areas, such as an area of dense
tissue, may be presented at low film density
with low image contrast.

Other limitations of screen-film systems in-
clude image noise from the film and the film
processor, difficulty in obtaining consistent
image quality, and the fixed 1mage presenta-
tion. Maintaining a consistent image quality
for analog screen-film mammography requires
constant monitoring and testing, with the ﬁlm
processor being the primary source o
ity. Fxlm Processors a.lso may add art

the size and drstnbutxon of silver halide gralns
in the film emulsxon In: addrtron, the u_se of

quires large storage areas and expenswe film
library management. If a study is lost, the
information is irretrievable.

Digital Detectors

Digital detectors are expected to replace

are expected to have much w1der dynamlc
range, provide consistency of image qua.hty,
eliminate film granula.rlty, and allow post-
processing of the image. Although the clin-
ical evaluation of digital mammography sys-
tems has only begun recently, many of the

benefits of digital xmagmg have been demon-
strated with digital imaging of other organs
or regions, such as the chest (11). Additional
benefits of digital mammography include the
ability to a.rchlve the images on tape or op-
tical discs and the ‘ability to transmit images
rapidly.

The ability to perform image ptocessmg is
the primary benefit of digital imaging that
i and ‘digital subtrac-
sible. Both tomosyn-
ubtraction. mammography
cal-processing of the origi-

nal images.

TOMOSYNTHESIS
Background

Tomosy_rr@hems is sumlar to conventional

»smgle exposure and
rated. On the other
is: ‘performed by acquir-
'thh a digital detector.

‘thh the exceptron of those
) Qf vthe tomographrc motxon

e is stationary for each expo-

es to the next position), or
s exposure method with rapid
image readout ‘(multiple images are acquired
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X-ray
Tube

"In-focus"
/Tomography

Patient
‘ Plane

-—— Detector

Fig. 1. The Twinning geometry used for conventional linear tqmogtaphlc imaging. The X-ray source and detector
move parallel to the in-focus. toino " The in-focus platie is. l_ ed at the fulcrim of the motion. 1 ,

(Reprinted with permision from the R _. Soc:ety of N rf.'v Am - Niklason LT, Christian BT
Niklason LE, et al. Digital tomosynthes : 205:399-406). :

*In-focus"

Tomosynthesis:Planes ' Axis of Rotation

an arc above the breast. The X-ray
. osmon ’I‘be number

Fig. 2. A geometry for breast tomosynthesxs .The X-ray source moves il
source is stationary during each X-ray expostire i moved al
of positions is variable. The bréast ¢
Radmlogncaj Socxety of North America. Fro _
in breast imaging. Radiology 1997; 205:300-406).
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as the tube moves). By shifting and adding
the digital images thus obtained, it is possxble
to reconstruct any plane in the breast that is
parallel to the detector (13-16). Other struc-
tures outside of the in-focus plane are blurred
because they are misregistered.

‘Tomosynthesis has several advantages over
conventional tomography. First, tomosynthe—
sis has an important radiation dose advantage,
since all of the images comprising one study
are obtained with a total dose appro:umately
equal to one conventional mammogram (sin-
gle view). In contrast, using conventional to-
mography to image an average breast with a
compressed breast thickness of 4.5 ¢m would
require 15 tomograms, each with a radiation
dose similar to a single mammogram, to dis-
play the entire breast if the in-focus plane
width were 3 mm. Therefore, -conventional
tomography would require a.pproxxmately 15
times more radiation dose than tomosynthesis
for a breast of average thickness.

Second, digital image processing can be ap-
plied to improve tomosynthetic image qual-
ity. One method to reduce artifacts from
out-of-focus structures utilizes a one dimen-
sional unsharp masking techmque k:alled self-
masking tomosynthesis (17-19). i
methods to reduce the contribution of out-of-
focus structures in the in-focus plane have also
been reported (20-22). These techmques may
produce tomosynthetic images that are sub-
stantially better than conventional tomogra-
phy images.

Researchers have attempted to use tomosyn-
thesis for clinical X-ray imaging for the past
two decades (14-19,23-30). These efforts have
used several detector systemis and - involved
imaging for a wide range of exams. Unfor-
tunately, the image detectors have lmuti' | the
success of these previois attempts at dngltal
tomosynthesis.

Methodology

For breast tomosynthesis, seven to nine pro-
jection images may be obtained, each at a low

radiation dose; herefore, the total dose from

y hi ghér than the radiation
é '\'riew mammogram Af-

btammg stereo image pairs
i 0 obtam tomosynthwq

unit would be usable for conventional mam-
mography.

Results

The major -beneﬁt of tomosynthesxs is con-

tional image. In thxs-»case, ‘the total radiation
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Actual X-ray Tube
Positions 1-4 -

Fig. 3. A diagram of the tom
tube positions are shows for si
the four positions labeled 1-4.
source positions la-4a. Afteér t
image at any level in the breast.
From: Niklason LT, Christian BT
205:399-406).
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Fig. 4. Images of a mastectomy specimen‘contmnmg & inass on the leﬁ and an’ area of archxtect.ural distortion in
center right region of the
(a) Conventional thgital i
{b) ’I‘omosynchesns image with
anid an area of architectural

dose for the tomosynthesis im:
less than that from the single co
age. Thus, even at a radia
single mammogram, the tomo
provide improved lesion visibili
conventional techniques.
Fxgure 5 demonstrates a.noth o

breast. This mass was ea.sxly et
out tomosynthesxs, however, qlose

per’s ligaments.

Phantom images of the American-

are similar to
ews with current systems.

and at a radiation dose below the accredita-
tion limits (12).

~ a¢lusions from previous phan-
Tomosynthesis provxdes a sen%of “tomo- m p P

en -.1magm'ga(12) -include:

breast in sharp focus. - The thi
in-focus region displayed in’ sh
dependent on the tota.l a.ngle o
travel.

. R , gﬁtal _detectqrs
mm. If the tube travels throug will‘ make breast tomosynthesis practical.
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Fig. 5. (a) A conventional projection mtage of
(b) Tomosynthws image recomnstr at ¢ .
conventional view, however, some ‘structures such as the ligaments are bi

ass is easily seen in the
using tomosynthesis.

7
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Tomosynthesis may be useful as a screening
device and as an aid in problem solving mam-
mography. As a screening device, tomosynthe—
sis may prove to be a valuable tool for women
with radiographically dense breasts. The abxl—
ity to “see into the middle of the breast” by
blurring the superimposed structures will po-
tentially allow significant imprbvé’iﬁéﬁis in the
sensitivity of mammography screening.

Many women are recalled for further eval-
uation because supenmposed norimal tissues
may appear suspicious. Using tomosyrith:
for the screening exam may avoid
this group of women, since the to,f,"oaynthwls
images may facilitate differentiation of a lesion
from superimposed tissue.

In problem solving mammogra.phy, it may
be possible to perform the entire evaluation of
a lesion with tomosynthesis, thus réducing the
total radiation exposure compared to.a stan-
dard diagnostic examination, which may in-
volve many mammograms. Current vmammo-
graphic techniques have poor specificit;
70-90% of all breast biopsies are negatlve (31-
33). Tomosynthesis may provide the radiolo-
gist with an improved image of a potential le-
sion by blurring the structures above and be—
low the lesion. This may allow the r.
to have improved confidencé ‘in lesion
cation that may lead to a decreased number
of negative biopsies. The 1mproved vxsuahza—
tion of lesion borders may al$o revi
tions that are characteristic of ma.hgnant le-
sions. Moreover, as tomosynthesis is a volu-
metric imaging technique, it provxdesfmforma,-
tion about the dimensions of a lesion, whether
microcalcifications are associated with'a mass,
and how they are distributed. This is im-
portant since the three-dimensional distribu-
tion of calcifications is thought to be a use-
ful indicator in discriminating b mgn_versus
malignant lesions (34). Tomo si
the potential to detect multlfocal'cancer dur-
ing the problem solving eva.luatlon of a lesxon
at a small fraction of the cost ‘
resonance imaging, which recently_ as been
proposed as a method of detecting multifocal
breast cancer (35).

Tomosynthesxs may be performed with less
compression than conventional mammogra-

phy- because it is not critical to spread the

breast striictures parallel to the detector. Ac-
tually, the structur% -above and below the
plane of interest are more blurred (thus, it is
easier to. see -hrough these structures) when
less compressxon is used Less compression re-
sults in increased - pa.tlenl; comfort and com-
pliance, which' is- important as breast com-
pression 1s a -major- source of complaints in
Nog  rediice screening fre-
{'However, some com-

order to mnimnze 'thé radlatlon dose.

Research Diréctions For Future
Development

To date, work on breast tomosynthesis, al-
though preliminary, has been encouraging.
Future studies'néeded to develop tomosynthe-
sis into a routine, clxmcal tool include:

- Image processmg ‘and display develop-
ment,

— A clinical comparison of digital imaging

versus ‘digital tomosynthesis.

cell populatlon, an in ease' in new ca.plllary
wth also’ occur to provide a suffi-
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stage cancers. In non-small cell lung cancer,
Macehiarini et al. (37) have shown that the
microvessel density count, the best method
currently available for the assess:
giogenesis, is a major predlctor of
They also show that angiogenesis
correlates with late treatment f:
metastases that occur at a cntxca.l

mors have been shown to be at - hlgher"rlsk
of tumor recurrence (39) vi

microvessel density in a tumor (4i
be hxgher in mahgnant tumors tha.n

this parameter in distinguishing "be ee_n thése

possibilities (43,44). Buadu et al. have sug-
gested that a combination of a.naf;omxcal and
physiological features may lead to improved
diagnosis of breast cancer (43).

Digital subtraction angmgraphy of the breast
is a method of imaging a tumor’s vasciilar
morphology. We will refer to dxgltal subtra.c~
tion angiography of the breast as di
traction mammography (DSM). D1g1
traction mammography may have a role in:

(a) early detection of breast cancer,

(b) improved differentiation of benign from
malignant lesions,

(c) determination of the aggressiveness of a
tumor by assessing the ‘microvessel den-
sity,

(d) improved determination of cancer ex-
tent by identifying the area of increased
vascularity, and

(e) monitoring the effectiveness of therapy.

Canventional ma.mmography allows detec-
tion of many cancers in the 5-8 mm range
(32,35), although even larger cancers may be
difficult to detect in radxographnca[[y dense tis-
sues.

Methodology

Digital subtraction mammography is per-
formed b mage before and
one Or more it g after or during in-
Jectxon of co ast. 'vThe ma,sk image is sub-

'1d ma.ge readout have
h 'may make breast DSM

been deve oped W
practical.

Results
txgated a dlgrta! IMaMmmogra-
_mg ‘with inner lu-

0;76 mm was placed
matenal (BR12)

id then with an iodine
¢in®; Figure 6 demon-

graphy equipment
ems, Tustin, CA).
d to compare the

/ith a 150 micron
rt-angiography
sIs between 250 to

375 micron inner lumen.
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Fig. 6. Imagw of a phantom osed of Jreast equivalent. from 49 to 760 microns
in inner lmmen diameter, h : ‘
{a) A digital subtraction 1
Rhodium target and Rh
(b) A digital subtracti
obtained at 60 kVp, wit}
spot and a magnification of 1.5.

Figure 7 demonstrates a DSM image of a

tumor that results from'a
a Shope virus-induced sk
domestic rabbit and dem"
genic capacity (46).
is an image obtained before ¢
has amved the tumor | is not

by subtracting an image: ob animography has a
after injection from the ma: rs earlier than
prior to the injection of ¢ “a tumor must

traction image, a highly vascularmed-_tumot"ls  recrui ) ure to grow, it may
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be possxble to find small cancer of less than
5 mm in diameter. However, it will be neces-
sary to perform clinical studies to determine
at what size an area of increased vascular-
ity may be called suspicious and differentiated
from normal breast vasculature. The ability to
find early cancers may initially have a role in
high-risk populations. Two groups that may
benefit would be women with a genetic pre-
disposition to breast cancer, and women who
have undergone breast cancer therapy.

The digital mammography system offers an
advantage of much higher spatial resolution
than CT or MRI, which have also been used
to assess tumor vascularity. In addition, DSM
will require much less radiation dose than CT
and will cost significantly less than MRI. For
detection, breast DSM may require only two
mammograms, pre- and post-contrast, which
would require a radiation dose of approxi-
mately two mammograms.

The early studies involving contrast en-
hancement using either MRI or DSM have in-
dicated some overlap in the enhancement pat-
terns of benign and malignant lesions (43,45).
However, Buadu et al. (43) have suggested
that the combination of morphology. and dy-
namic enhancement may allow the differentia-
tion. Digital mammography will be capable of
showing the lesion morphology and it will be
possible to image rapidly and with high resolu-
tion the enhancement pattern during contrast
kinetics in a tumor. In MRI imaging there is
a tradeoff between the imaging speed and the
resolution. For small voxels on the order of
a cubic millimeter, it is currently not possible
to image rapidly enough to get an adequate
measurement of the dynamics of tumor en-
hancement. The radiation dose and l'm*ge field
of view limit the usefulness of CT for breast
imaging.

Current mammographic and pathologic meth-

ods have difficulty in determining the extent
of a breast cancer. Treatment depends upon
surgical excision of the bulk of the tumor, and
external radiation is used to destroy any tu-
mor remaining. The surgeon is often unable

to determine the extent of the cancer during
excision, and the pathologist samples only a
small fraction of the excised tissue. As a re-
sult, DSM, which will image the tumor vascu-
lature, may improve the ability to identify the
tumor margins and may assure a more com-
plete excision of the tumor. Identifying the
tumor extent could potentially reduce local
cancer recurrence and save lives.

Radiation, chemical, or angiogenesis in-
hibitor therapy may alter the tumor vascu-
lar structure and function. Digital subtraction
mammography provides a tool for monitoring
a therapy that is targeted to vasculature and
may provzde an early indication of treatment
success. Therefore, using DSM has the poten-
tial to tell if a therapy is working and to allow
adjustments in both the type and dosage of
therapy without having to wait for a change
in tumor size.

Research Directions For Future
Development

The investigation of breast DSM has just
begun. The work needed to test the clinical
efficacy of the technique includes:

— Evaluation of the clinical benefits of DSM
for breast cancer detection, initial exper-
iments may be on high-risk groups.

— Functional measurements of tumor vas-
cularity to determine tumor perfusion, in
addition to morphologwal measurements.

— Determination of whether differentiation
between benign and’ malignant lesions is
possible using DSM.

~ Determination of the usefulness of DSM
in monitoring therapy.

— Evaluation of the effects of compression
on DSM.

SUMMARY

Tomosynthesis and dxgxtal subtraction mam-
mography address the major limitation of cur-
rent mammography imaging methods, namely
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the difficulty of finding cancer in radiograph-
ically dense breast tissue. Both technigues
are capable of reducing structured noise_for
normal breast anatomy to allow improved vi-
sualization of cancer. Tomosynthesis reduces
structured noise by blurring structures above
or below the plane of interest. Digital subtrac-
tion mammography reduces structured noise
by subtraction of normal breast. anatomy, re-
sulting in an image of breast vasculature. In
fact, it may be possible to combine the two
methods to offer further improvement (25).
Tomosynthesis and breast DSM may offer
some of the major benefits in the change from
analog to digital breast imaging.
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